The orbit of Mercury has large values of eccentricity and inclination that cannot be easily explained if this planet formed on a circular and coplanar orbit.
Introduction
The orbit of Mercury is the most peculiar among the Solar System planets. It has the largest mean eccentricity and inclination (e = 0.17 and I = 7
• with respect to the invariable plane), its perihelion longitude ̟ is significantly affected by relativistic effects (δ̟ ∼ 0.43 ′′ yr −1 ), and its orbit displays the most chaotic long term dynamics (Laskar 1994) . Secular variations have typical amplitudes of ∆e ≃ ±0.08 and ∆I ≃ ±3
• that are not large enough to explain the current mean values of e and I assuming that Mercury, as well as the other terrestrial planets, ended the formation process on nearly circular and coplanar orbits.
Ward et al. (1976) proposed that the high e, I of Mercury could be produced by the oblateness perturbation of the Sun. An initially large value of the second degree the Sun's rotation would be only a few times faster than the current rotation (Bouvier 2013) . Moreover, contraction of the star along the pre-main-sequence track occurs on the Kelvin-Helmholtz timescale (∼ 30 Myr for the Sun), implying that the J 2 term would be already small when the terrestrial planets are formed. Laskar (2008) , Laskar & Gastineau (2009), and Boué et al. (2012) showed that the chaotic evolution of the orbit of Mercury may lead to large changes of e, I over the age of the Solar System. According to Laskar (2008) , the probability of changing Mercury's eccentricity by more than 0.1 over 5 Gyr of evolution is less than 20%. The probability of changing the inclination by more than 5
• over the same time scale is even smaller, less -4 -than 10%. Therefore, typically the chaotic variations of Mercury's orbit do not appear to be able to provide the required excitation in e and I from initially circular and coplanar orbits. In particular, Laskar & Gastineau (2009) performed about 2500 simulations and in none of them was Mercury able to reach an eccentricity smaller than ∼ 0.05 over 5 Gyr of evolution, implying that there would be no apparent connection between initially circular orbits and chaotic diffusion over Gyr time scales. Nevertheless, this mechanism cannot be totally ruled out, because we cannot discard the possibility that the initial orbit of Mercury had some eccentricity.
Here, we investigate the possibility that the high eccentricity and inclination of Mercury originated during the instability related to the migration of the giant planets, in the framework of the so-called "jumping Jupiter" model. The giant planets in the Solar System did not form on their current orbits but suffered two types of migration. The first one was gas driven migration (Masset & Snellgrove 2001) , which acted on planets during the earliest stages when the nebular gas disk was still present in the system. The present paradigm of this type of migration is provided by the Grand Tack model (Walsh et al. 2011 ). The second one was planetesimal driven migration (Fernandez & Ip 1984) , caused by the gravitational interaction of the giant planets with the disk of planetesimals that remained beyond the orbit of Neptune, once the gas has totally dissipated. Its current paradigm is given by the Nice model (Tsiganis et al. 2005) . According to the standard scenario, the terrestrial planets started their formation during the gas nebula phase and are completely formed after ∼ 100 Myr (e.g. Chambers & Wetherill 1998) . Therefore, the orbital architecture of the inner planets provides important constraints on both migration models. For example, the terrestrial planet system is extremely sensitive to the secular evolution of the giant planets Agnor & Lin 2012; Brasser et al. 2013; Kaib & Chambers 2015) , and in particular, a slow and smooth migration of the outer planets would destabilize the orbits of the inner planets.
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We focus here on a variant of the Nice model, known as the jumping Jupiter model ). The present version of this model assumes that the system of giant planets was initially constituted of five bodies: Jupiter, Saturn, and three ice giants. During the planetesimal driven migration, the system temporarily develops an instability phase involving mutual close encounters between planets, which ends up by the ejection of one of the ice giants after an encounter with Jupiter (Nesvorný 2011) . This makes Jupiter jump inwards while Saturn jumps outwards, and the period ratio between Jupiter and Saturn changes nearly instantaneously from an initial value of ∼ 1.5 to the current ∼ 2.5. This model has several advantages (Nesvorný & Morbidelli 2012 ) over the models of smooth planetesimal driven migration, and has had a great success in reproducing the dynamical properties of several minor bodies populations Deienno et al. 2014; Nesvorný 2015; Morbidelli et al. 2015; Roig & Nesvorný 2015; Brasil et al. 2016 ).
The role of the giant planet evolution on the formation of the terrestrial planets has been addressed in several recent works (Levison & Agnor 2003; Walsh & Morbidelli 2011; Lykawka & Ito 2013; Jacobson & Morbidelli 2014; Izidoro et al. 2015) . Most of these studies focus on forming the terrestrial planets with the right mass and at the right distance from the Sun, but give less attention to their orbital eccentricities and inclinations. In some cases, Mercury is not even taken into account in the models. Although the field is under continuous improvement (for a review see Raymond et al. 2014) , the formation of terrestrial planets is still a poorly understood process, and the current models do not constrain well the final orbits. Nevertheless, we know that circularization and alignment of the orbital planes should be expected as a result of dynamical friction during the accretion of the planetary embryos in a disk of planetesimals (Kokubo 2005; O'Brien et al. 2006; Morishima et al. 2008) . We also know that the terrestrial planets are not expected to suffer any migration process during or after their formation (Minton & Levison 2014 ).
-6 -In this paper, we present results on the evolution of the terrestrial planets in the jumping Jupiter model, with particular focus on Mercury's orbit. Our main assumption is that the terrestrial planets were completely formed on nearly circular and coplanar orbits before the occurrence of the giant planets instability. The terrestrial orbits lie initially on the invariable plane of the giant planets. Our goal is to measure the effects of the instability on the orbit of Mercury, and to assess the main mechanisms that are responsible for those effects. In the following sections, we describe the methods (sect. 2), present the results (sect. 3), and give our conclusions (sect. 4).
Methods
We have performed a series of numerical simulations of the evolution of the Solar System planets during the jumping Jupiter instability. The system of giant planets is initially constituted of Jupiter, Saturn and three Neptune-size planets, located in a mutual resonant configuration that is the supposedly outcome of the previous gas driven migration phase (Pierens et al. 2014 ). In particular, Jupiter and Saturn are locked in the 3:2 mean motion resonance, with Jupiter slightly outside of its present orbit. The initial osculating values of semimajor axis a, eccentricity e, and inclination I are shown in Table 1 .
The five giant planets migrate according to different evolutions previously obtained in Nesvorný & Morbidelli (2012) . These authors performed realistic simulations of migration, where the giant planets interact with a massive disk of planetesimals initially located beyond the outermost planet. The different evolutions arise from different parameters of the planetesimal disk that they considered. In their simulations, Nesvorný & Morbidelli (2012) stored the planets' positions and velocities in a file at 1 yr intervals over a total time span of 10 Myr. We have not reproduced these simulations; rather we have mimicked the migration by reading the stored positions and interpolating them using the approach described in -7 - Nesvorný et al. (2013) . The particular cases analyzed here produce interactions with the ejected ice giant that make the other giant planets to experience a few radial jumps. The net inwards jump of Jupiter is ∼ 0.3 AU, and the instability occurs about ∼ 6 Myr after the start of the simulations.
In our simulations, the terrestrial planets are initially located at their present mean distances from the Sun, but in almost circular and coplanar orbits. Although this might have not been the actual case, because the early terrestrial planets orbits might have been somewhat excited, we adopt this assumption because we want to isolate the effects of the jumping Jupiter evolution from the effects related to specific initial conditions. The adopted orbital values are shown in Table 1 For a few instability cases, we have performed simulations over much longer time spans (up to 100 Myr) that do not change our main results and conclusions.
It is worth recalling that all the instability evolutions considered here satisfy the constraints defined in Nesvorný & Morbidelli (2012) , namely, the final orbits of the outer planets are similar to the real orbits. For example, the proper mode in Jupiter's eccentricity 3. Results Figure 1 shows the results of our simulations for one specific case of the jumping Jupiter instability. Other instability cases produce similar results, although those of Fig. 1 provide best fits to Mercury's orbit without degrading the fits to the other terrestrial planets.
Moreover, the specific instability case considered in Fig. 1 has also been successfully tested against the constraints of the various minor bodies populations Deienno et al. 2014; Nesvorný et al. 2014; Nesvorný 2015; Roig & Nesvorný 2015) . In the runs including the relativistic corrections (blue dots in Fig. 1 ), Mercury's eccentricity reached final mean values of ∼ 0.2 that are very close to the present value of 0.17.
It is worth noting that in all the instability cases considered in this study, we found that Mercury's eccentricity and inclination always become less excited when relativistic effects are taken into account than when these effects are ignored (cf. blue dots vs. red dots in Fig. 1 ). This happens because general relativity speeds up the precession frequency g 1 of Mercury's perihelion. Faster values of g 1 make resonances with the perihelion frequency of Jupiter, g 5 , to become less strong by reducing their effective widths, and this leads to less excited final eccentricities. In principle, the relativistic corrections do not introduce any direct drift on the regression frequency s 1 of Mercury's node, but they produce an indirect effect that also leads to less excited inclinations. A similar result, but in a different context, has been pointed out by Laskar (2008) , who found that including relativistic effects in the -9 -long term dynamics simulations of the Solar System planets led to a more bounded chaotic evolution of the orbit of Mercury over Gyr time scales.
We verified that the excitation of Mercury's eccentricity is driven by the fast sweeping of the linear secular resonance g 1 − g 5 , in agreement with previous studies (e.g. Brasser et al. 2009 ). This is illustrated in Fig. 2 for one of the simulations with relativistic corrections shown in Fig. 1 . The raise of Mercury's e is accompanied by the libration of the angle ̟ 1 − ̟ 5 over a short period of time. The value of g 5 shows significant variations before the instability (Fig. 2c ), but after Jupiter jumps (Fig. 2d ) it stabilizes and approaches the value of g 1 , driving the system into a temporary resonance capture. We recall that permanent capture does not happen in this context because the adiabatic threshold is broken as a consequence of the discontinuous evolution of the giant planets. Figure 3a shows the evolution of the inclination of Mercury in the same simulation of Fig. 2 , together with the evolution of the angles Ω 1 − Ω 7 and Ω 1 − Ω 2 , where the index 2 refers to Venus and 7 to Uranus (Fig. 3b,c) . We find that the inclination suffers two different excitation processes, both related to secular resonances involving the frequency of Mercury's longitude of node, s 1 . The first one is related to a temporary capture in the s 1 − s 2 secular resonance with Venus' node before the instability. The corresponding resonant angle, Ω 1 − Ω 2 , librates around 0 • and the inclination is slightly excited by ∼ 2 • .
The main excitation event occurs immediately after the instability, and is related to a temporary capture in the s 1 − s 7 secular resonance with Uranus' node. The corresponding resonant angle, Ω 1 − Ω 7 , librates around 180
• and the inclination is strongly excited up to ∼ 9
• , very similar to the present value of 7
• . The evolution of the secular frequencies s 1 and s 7 is shown in Fig. 3d , together with the evolution of Uranus semimajor axis (Fig. 3e) . We can see that the jump of Uranus from ∼ 11 to ∼ 17 AU approaches the value of s 7 to that of s 1 , once again driving the system into a temporary resonance capture. It is possible that -10 -the excitation of Mercury's inclination actually arises from the indirect effect of the s 7 mode in the orbit of Venus (which has an important secular coupling with Mercury; Batygin et al. 2015) or Jupiter, rather than from the direct effect of the s 7 mode in the orbit of Mercury.
Unfortunately, we cannot confirm this because the motion during and immediately after the instability is extremely irregular, and a Fourier analysis of the time series is useless to assess the role of the different oscillation modes. It is worth noting, however, that during this last excitation event, the system remains captured in the s 1 − s 2 resonance, leading to a nodal coupling between Mercury, Venus, and Uranus.
In general, the instability models analyzed here also provide reasonably good fits to the other terrestrial planets. The eccentricities and inclinations of Venus and the Earth are very well reproduced, as well as the eccentricity of Mars. Final mean values always lie within the range of secular variations. In a few models, the eccentricity of Venus and the Earth are slightly more excited than required, but never above the corresponding secular maxima. The mean inclination of Mars is usually underestimated by some 2 • -3
• , but never below the corresponding secular minimum.
We have also tested the final configurations using Fourier analysis to verify if the secular architecture of the planets was correctly reproduced. This has been carried out through a short numerical integration of the final state of the planets, with no migration.
We found that all the secular proper frequencies are correctly reproduced. Mercury's eccentricity and inclination are mainly contributed by the e 11 and I 11 modes (i.e. the proper modes), respectively, as it is in the present solar system. The other planets display the same behavior, as expected, although some proper modes have slightly different amplitudes, that differ from the current ones by less than 30% in most cases, and up to a factor of two in the worst case.
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Conclusions
Our results allows us to conclude that the jumping Jupiter instability can produce the presently large values of eccentricity and inclination of Mercury, even in the extreme case when it is assumed that this planet formed in a circular and coplanar orbit. We tested different instability models and some of them produces final orbits that fit very well to the current orbit of Mercury, while also keeping a good fit to the remaining planets, in terms of both orbital elements and secular architecture. We found that the excitation in Mercury's eccentricity is driven by the oscillation mode of the perihelion frequency of Jupiter, g 5 , while
the excitation in inclination is driven by oscillation mode of the node frequency of Uranus, s 7 . We also found that the relativistic correction of the perihelion frequency of Mercury, g 1 , has to be included in the model in order to avoid excessive excitation of Mercury's eccentricity and inclination. The jumping Jupiter evolution provides a more robust model than conservative chaotic evolution, since it not only explains the transition of Mercury from nearly circular and coplanar orbit to the present state, but also fulfills several other constraints imposed by the many populations of solar system objects.
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